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Orexin Synthesis and Response in the Gut
et al., 1998), are upregulated by fasting in rodents (Sa-Annette L. Kirchgessner*²³ and Min-tsai Liu*²
*Department of Physiology and Pharmacology kurai et al., 1998; Mondal et al., 1999) and are downregu-
lated in genetically obese ob and db mice (YamamotoState University of New York
Health Science Center at Brooklyn et al., 1999). The LH has been loosely called a ªfeeding
center.º Lesions of the LH cause substantial reductionsBrooklyn, New York 11203
²Department of Anatomy and Cell Biology in food intake and body weight (Powley and Keesey,
1970). Orexin-containing neurons express leptin recep-Columbia University College
of Physicians and Surgeons tors, suggesting the ability to respond to stores of adi-
pose tissue (Horvath et al., 1998). Together, these dataNew York, New York 10032
suggest that the orexins may play an important role in
the CNS regulation of energy homeostasis.
Although the role of hypothalamic peptides has re-Summary
ceived considerable attention regarding energy homeo-
stasis, the enteric nervous system (ENS), which is com-Orexin (hypocretin) appears to play a role in the regula-
posed of neurons that reside within the wall of thetion of energy balances. Previous reports have indi-
gastrointestinal tract and contains as many neurons ascated that orexin-containing neurons are found only
the entire spinal cord (Furness and Costa, 1987), hasin the lateral hypothalamic (LH) area. We show that a
received relatively less focus. The ENS directly senses,subset of neurons in the gut which also express leptin
integrates, and regulates the machinery of the gut in-receptors display orexin-like immunoreactivity and ex-
volved in energy metabolism (Gershon et al., 1994). It ispress functional orexin receptors. Orexin excites se-
the only region of the peripheral nervous system (PNS)cretomotor neurons in the guinea pig submucosal
that is intrinsically capable of mediating gut-related re-plexus and increases motility. Moreover, fasting upreg-
flex activity (Furness and Costa, 1987; Gershon et al.,ulates the phosphorylated form of cAMP response ele-
1994). These reflexes, which may be secretory or peri-ment±binding protein (pCREB) in orexin-immunoreac-
staltic, are made possible by the presence within thetive neurons, indicating a functional response to food
bowel of microcircuits that contain the necessary pri-status in these cells. Together, these data suggest
mary afferent neurons and interneurons, as well as thethat orexin in the gut may play an even more intimate
excitatory and inhibitory motor neurons that innervaterole in regulating energy homeostasis than it does in
gastrointestinal smooth muscle and glands.the CNS.
The complexity of the functions controlled by the ENS
is reflected in an equally complex organization that re-
Introduction sembles that of the CNS. Many different classes of neu-
rotransmitter have been found in the ENS, including
The hypothalamus is well established to play a critical glutamate (Liu et al., 1997), the major excitatory neuro-
role in the regulation of feeding behavior and energy transmitter of the brain (Gasic, 1995). Moreover, the
homeostasis. It contains neurons that possess a unique ENS, like the hypothalamus, contains neurons that are
sensitivity to circulating levels of glucose (Oomura, sensitive to glucose (Liu et al., 1999) and are modulated
1983) and neurons that sense the status of fat stores by leptin (Liu et al., 1999).
(Schwartz et al., 1996). In addition, it contains a number The similarities between the ENS and the CNS suggest
of neuropeptides that modulate food intake (Inui, 1999). that the gut might play a role in the regulation of food
The recently discovered orexins (Sakurai et al., 1998), intake. Previous findings suggest that the ENS is in-
also called hypocretins (de Lecea et al., 1998), have volved in feeding. Peripherally administered 5-hydroxy-
been reported to stimulate food intake (Sakurai et al., tryptamine (5-HT) has been shown to inhibit food intake
1998; Edwards et al., 1999; Ida et al., 1999; Sweet et al., in food-deprived rats through activation of enteric 5-HT2
1999). The orexins consist of orexin A (OXA; hypocretin receptors (Sugimoto et al., 1996). Furthermore, systemic
1) and orexin B (OXB; hypocretin 2), which are proteolyti- administration of the widely prescribed appetite sup-
cally derived from the same 130 amino acid residue pressants D-fenfluramine and fluoxetine (5-HT reuptake
preproorexin (preproOX) precursor protein. To date, two inhibitors) causes hypophagia (Curzon et al., 1997), pos-
orexin receptors (OXR1 and OXR2) have been described sibly through direct actions on the gastrointestinal tract.
that belong to the G protein±coupled receptor superfam- As the ENS has a parallel function to the hypothalamus,
ily with a proposed seven transmembrane topology (Sa- we hypothesized that orexins might be present in the
kurai et al., 1998). gut.
Orexins, which have been reported to be produced
exclusively by cell bodies in the lateral hypothalamic Results
(LH)/perifornical area (Gautvik et al., 1996; de Lecea et
al., 1998; Elias et al., 1998; Peyron et al., 1998; Sakurai PreproOX and Orexin Receptor mRNA Are Present
in the Rat Small Intestine
RT-PCR was used to detect mRNA coding for orexin³ To whom correspondence should be addressed (e-mail: akirch
gessner@netmail.hscbklyn.edu). and both of its receptors in the ENS, particularly in the
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of the antisera for the orexins were found throughout
the small intestine (Figures 2A±2C). The overall pattern
of orexin-like immunolabeling in the gut was similar in
all species examined, suggesting that the orexin gene
has been conserved over long periods of mammalian
evolution. Enteric ganglia play critical roles in local con-
trol of nutrient regulationÐthe myenteric plexus controls
muscles that regulate motility, and the submucosal
plexus receives afferent information from the gut lumen
and regulates secretion. In both the myenteric (Figures
2A±2D) and submucosal (Figures 2E [top] and 2F) plex-
uses, a population of neurons displayed orexin-like im-
munoreactivity. The immunoreactivity in the cytoplasm
of such cells was relatively low but was higher in colchi-
cine-treated animals. Moreover, orexin-immunoreactive
neurons were found in cultures of isolated myenteric
ganglia (Figure 2G), indicating that neurons expressed
orexin independent of external input.
Further studies were done to identify neurochemically
the neurons with orexin-like immunoreactivity in the
guinea pig ileum, the best-characterized region of the
Figure 1. Localization of PreproOX and Orexin Receptor mRNA in ENS. Two nonoverlapping groups of submucosal orexin
the ENS neurons were identified. One group displayed vasoactive
(A) RT-PCR with preproOX-specific primers was performed on total intestinal polypeptide (VIP) immunoreactivity (Figure
RNA from rat longitudinal muscle with adherent myenteric plexus 2H), and z25% of VIP-immunoreactive neurons con-
(LMMP; lane 3) and rat hypothalamus (lane 4). RT-PCR for b-actin
tained orexin. These VIP cells are known to be secreto-and omission of RT from the reaction (lane 2) served as positive
motor in function (Cooke, 1998). The other group coex-and negative controls, respectively. Lane 1, DNA ladder.
pressed substance P (SP) and choline acetyltranferase(B) RT-PCR with OXR1- and OXR2-specific primers was performed
on rat hypothalamus (lane 3) and LMMP (lane 4) RNA and on RNA immunoreactivities (Figure 2I), markers of intrinsic pri-
from rat pancreas (lane 5). mary afferent neurons that have been shown to project
to the mucosa and to respond to sensory stimuli from
the gut (Kirchgessner et al., 1992). In contrast, orexinmyenteric plexus of the rat small intestine and in hypo-
was not found in calcitonin gene±related peptide±thalamus, as a positive control. A preproOX PCR prod-
(CGRP-) (Figure 2J) or calretinin-containing neurons ofuct of the expected size (481 bp) was found in the myen-
the gut. No immunoreactivity was found in control sec-teric plexus (Figure 1A, lane 4) and hypothalamus (Figure
tions that were processed with antisera preabsorbed
1A, lane 3). The nucleotide sequence of the amplified
with orexin or without the primary antisera (Figure 2K).
product was determined and was found to be identical
In the myenteric plexus, orexin-like immunoreactivity
to that of rat preproOX isolated from the hypothalamus,
was also displayed by putative primary afferent neurons
indicating that this PCR product was derived from a that were identified by their calbindin immunoreactivity
bona fide preproOX transcript. Amplification of cDNA (Furness et al., 1998; Figure 2L). All of the orexin-immu-
from myenteric plexus (Figure 1B, lane 4) with orexin noreactive neurons in both plexuses displayed leptin
receptor mRNA OXR1 and OXR2 primers yielded spe- receptor immunoreactivity (Figure 2M); therefore, orexin
cific PCR products of 423 and 368 bp, respectively. As neurons may be able to integrate this signal from adi-
expected, OXR1 was also found in the hypothalamus pose tissue, along with nutrient signals from the mucosa.
(Figure 1B, lane 3); however, OXR2 was not detected in Axons containing orexin-like immunoreactivity were
this region. Both orexin receptors were also present in abundant in each plexus. These processes were vari-
the pancreas (Figure 1B, lane 5); thus, orexin receptor cose and encircled neuronal cell bodies (Figures 2E [bot-
mRNA is present in both the gut and pancreas. To con- tom], 2N, and 2O). Frequently, orexin-immunoreactive
firm further that the PCR products were derived from boutons were observed in contact with perikarya, which
OXR1 and OXR2 mRNA, the amplified cDNA from myen- also displayed cytoplasmic orexin immunoreactivity
teric plexus was sequenced and was found to be identi- (Figure 2F), suggesting that orexin cells innervate other
cal to that of the rat orexin receptors. orexin cells. Orexin fibers appeared to enter myenteric
ganglia from a connective and to arborize into highly
Neurons that Display Orexin-like Immunoreactivity varicose terminal branches, each of which wrapped
Are Present in the Gut around small clusters of cell bodies most commonly
If orexins are present in the ENS, then as in other sites located near the connective in which they entered (Fig-
where orexins exist, the enteric plexuses would be ex- ure 2N). Orexin varicosities contained synaptophysin
pected to contain neurons that can be demonstrated immunoreactivity (Figures 2O and 2P); therefore, orexin
with orexin-selective antibodies. Orexin-like immunore- is in terminals making synaptic contact. Orexin-immuno-
activity was found in all species examined (rat, human, reactive boutons were in close apposition to VIP-con-
guinea pig, and mouse) with a converging panel of multi- taining submucosal neurons (Figure 2H). Orexin-immu-
ple antibodies raised against different sequences in pre- noreactive neurites were also observed in the circular
muscle layer (Figure 2Q), mucosa (Figures 2R and 2S),proOX, OXA, and OXB. Cells immunostained with each
Orexins in the Enteric Nervous System
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Figure 2. Orexin-like Immunoreactivity in the
ENS
(A±D) Cross sections of ileum. Orexin is found
in myenteric (arrow) and submucosal (arrow-
head) neurons in several species.
(E) Cross section of human ileum. OXA is
present in submucosal neurons (top) and
nerve fibers (arrows) in a myenteric ganglion
(bottom).
(F) Whole-mount preparation. OXA nerve ter-
minals encircle OXA-positive submucosal
neurons.
(G) OXA is found in myenteric neurons in
culture.
(H) Immunolabeling with anti-OXA (green) and
anti-VIP (red) antibodies. A subset of submu-
cosal neurons is positive for both labels (yel-
low, arrow); a neuron contains only OXA (ar-
rowhead).
(I) OXA (red) is found in a subset of ChAT-
containing neurons (green).
(J) Confocal image. OXA (green) is not found
in CGRP-containing neurons (red, arrow).
(K) No immunoreactivity is seen after absorp-
tion of the antisera with OXA.
(L) Myenteric OXA neurons (arrow) contain
calbindin (CBP) (arrow).
(M) Submucosal OXA neurons (red, arrow-
head) display leptin receptor (LPR) immuno-
reactivity (green, arrow).
(N) Varicose OXA nerve fibers enter a myen-
teric ganglion from a connective (arrow) and
encircle neuronal somata.
(O and P) OXA boutons (arrow) encircle the
soma of guinea pig submucosal neurons (O).
The same preparation, double-labeled with
an antibody directed against synaptophysin
(SYN), shows that OXA and SYN have an
overlapping distribution ([P], arrow).
(Q) OXA nerve fibers are found in the circular
muscle layer (cm), the deep muscular plexus
(arrow), and surrounding mucosal crypts (ar-
rowhead).
(R) OXA nerve fibers (arrow) in the guinea pig mucosa (green), costore SP (red [green and red together seen as yellow]).
(S) OXA nerve fibers (arrows) are present in the mucosa of the guinea pig colon.
Note that (F), (H), and (S) are confocal images. Scale bar, 30 mm.
and surrounding submucosal blood vessels (data not and 3B) and small intestine (Figures 3C and 3D), OXR1-
like immunoreactivity was found in the circular muscleshown). An extensive network of orexin-containing
nerve fibers was present in the mucosa, where nutrients layer. Since OXR1 expression was detected in total RNA
isolated from strips of circular muscle (Figure 3K),are absorbed from the lumen of the gut. Orexin-immuno-
reactive fibers encircled mucosal crypts (which contain smooth muscle cells may express OXR1. OXR1- and
OXR2-like immunoreactivity was also displayed by asecretory epithelial cells; Figure 2Q) and traveled within
the lamina propria to the tips of the villi (which contain large group of submucosal (Figures 3E, 3G, and 3H) and
myenteric (Figures 3F and 3I) neurons, all of which wereabsorptive and endocrine cells; Figures 2R and 2S). In
the guinea pig, these fibers also contained SP (Figure contacted by orexin boutons and a subset of which
displayed calbindin (Figures 3I and 3J) or VIP immunore-2R). The densest innervation was in the proximal part
of the small intestine, into which the stomach empties activity. Nerve fibers in the lamina propria also displayed
OXR1-like immunoreactivity (data not shown). The ex-after a meal; however, orexin-immunoreactive neurites
were found throughout the gut, including the distal colon pression of OXR1 mRNA in the submucosal and myen-
teric plexus was detected by RT-PCR (Figure 3K). Re-(Figure 2S).
ceptor mRNA was not detected in scrapings of mucosa
(Figure 3K), supporting the idea that orexin receptorsOrexin Receptor±like Immunoreactivity Is Found
in Proximity to Orexin-Immunoreactive Axons are found only on mucosal nerve fibers.
The distribution of orexin receptor protein and mRNA
in the gut was examined by immunocytochemistry and Orexin Excites Enteric Neurons and Modulates
Synaptic ActivityRT-PCR, respectively. Sites of OXR1 and OXR2 recep-
tor±like immunoreactivity were found in proximity to or- To determine if orexin receptors were functionally ac-
tive, we examined the response of submucosal neuronsexin-containing nerve fibers. In the stomach (Figures 3A
Neuron
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Figure 3. Orexin Receptor±like Immunoreac-
tivity in the ENS
(A±D) OXA (A and C) and OXR1 (B and D)
immunoreactivity is found in the circular mus-
cle layer (cm, arrow) of the guinea pig stom-
ach (A and B) and duodenum (C and D) and
the deep muscular plexus of the duodenum
(arrowhead, [C and D]).
(E±H) OXR1- and OXR2-immunoreactive neu-
rons are found in submucosal (E, G, and H)
and myenteric (F) ganglia of the guinea pig
(E, F, and H) and rat (G) ileum.
(I and J) A subset of OXR2 myenteric neurons
contains calbindin (arrow); however, some do
not (arrowhead).
(K) Tissue distribution of rat OXR1 mRNA. RT-
PCR was performed on total RNA from mu-
cosa (Muc), submucosa (Submuc), circular
muscle (CM), and LMMP. RT lane shows con-
trol lacking reverse transcriptase.
Note that (I) and (J) are confocal images.
Scale bar, 30 mm.
in the guinea pig ileum to orexin by intracellular electro- express functional orexin receptors that are responsive
to nanomolar levels of the peptide.physiology. Classification of individual neurons was made
according to established criteria: S-type neurons exhibit The action of OXA was also determined on synaptic
potentials recorded in S-type submucosal neurons. Fastmultiple fast excitatory postsynaptic potentials (EPSPs)
on stimulation, and afterhyperpolarization- (AH-) type EPSPs were evoked by stimulating interganglionic nerve
bundles (0.2 Hz, 0.5 ms, 1±10 V) with the cell currentneurons exhibit large amplitude AHs following a single
action potential and no fast EPSPs (Hirst and McKirdy, clamped to 290 mV by injection of negative direct cur-
rent (Liu et al., 1997). After obtaining a fast EPSP, OXA1975). Furthermore, VIP-containing submucosal neu-
rons were differentiated from non-VIP-containing (i.e., (30 nM) was superfused (8 min), and the response was
again elicited. OXA caused a 39% 6 6.9% reduction incholinergic) neurons by the presence of a slow inhibitory
postsynaptic potential (IPSP) that is due to the release the fast EPSP amplitude in five of eight neurons exam-
ined (p , 0.05; Figure 4D) but had no effect on theof noradrenaline from sympathetic nerves (Jiang et al.,
1993); all neurons exhibiting slow IPSPs in response to amplitude of the fast EPSP in the remaining cells. OXA
(30 nM) also reduced the amplitude of stimulus-evokednerve stimulation contain VIP, while those without slow
IPSPs are negative for VIP (Bornstein et al., 1986). slow EPSPs (45.0% 6 8.9%, p , 0.05; Figure 4E) in
five of five neurons and stimulus-evoked slow IPSPsOXA was applied during recordings from ten S-type
neurons. They had a resting membrane potential (RMP) (31.2% 6 11.5%, p , 0.05; Figure 4F) in five of five
neurons examined. The responses recovered on wash-of 251.8 6 2.6 mV and an input resistance of 149.2 6
10.6 MV. Six of these ten neurons exhibited slow IPSPs out of the peptide (data not shown). These results sug-
gest that orexin exerts both presynaptic and postsynap-in response to nerve stimulation (five to ten pulses at
20 Hz). All of these neurons were excited by superfusion tic actions in submucosal ganglia.
of OXA. Increases in neuronal excitability are also pro-
duced by OXA in the CNS (van den Pol et al., 1998). Hunger Induces An Increase in Orexin-like
Immunoreactivity and pCREB ExpressionOXA had no effect on submucosal neurons that did not
exhibit an IPSP (n 5 4). Mean number of action potentials in Orexin-Containing Submucosal Neurons
The presence of orexin axons and orexin receptors inin the presence of OXA in concentrations of 0.3 nM (n 5
3), 1 nM (n 5 5), 10 nM (n 5 4), 30 nM (n 5 6), and 100 the ENS, coupled with the excitatory response of enteric
neurons to nanomolar concentrations of the peptide,nM (n 5 6) was 5 6 2, 57 6 25, 85 6 29, 73 6 19, and
42 6 13, respectively, compared with 0.0 6 0.0 (n 5 suggests that orexin plays a role in regulating intestinal
secretion and/or motility. To determine if orexin synthe-6, p , 0.01) without the peptide (Figure 4B). Maximal
depolarizations induced by OXA ranged from 1.3 6 0.7 sis was responsive to hunger, we examined the distribu-
tion of orexin-like immunoreactivity in the ENS after a 3(0.3 nM) to 6.0 6 1.6 (100 nM) mV. Depolarizations were
always associated with an increase in input resistance day fast. Strongly immunoreactive OXA-containing cell
bodies (Figure 5B), not seen in fed controls (Figure 5A),(range, 1.8%±9.1%), determined by the amplitude of
hyperpolarizing electrotonic potentials. Many S-type were observed in the submucosal ganglia of hungry
guinea pigs. As a result, significantly (p , 0.01) moresubmucosal neurons that exhibit IPSPs also show large
AHs following one or more directly evoked action poten- OXA submucosal neurons were found in preparations
from fasted animals (200 ganglia, three preparations,tials (Jiang et al., 1993). Superfusion of OXA reduced
the amplitude of the AH by 49.4% 6 12.9% (n 5 4; three animals; Figure 5C).
Fasting also activated OXA neurons, as demonstratedFigure 4C). These data demonstrate that enteric neurons
Orexins in the Enteric Nervous System
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Figure 4. Effects of Orexin on the Electrical Activity of Submucosal Neurons
(A) Superfusion of OXA induces spike activity in a guinea pig submucosal neuron.
(B) The histogram shows the number of spikes in consecutive 30 s bins from a typical neuron in the presence of OXA.
(C) AH evoked by spike activity in control solution and 5 min in the presence of OXA (30 nM). RMP for S-type neuron in (A), (B), and (C) was
244, 248, and 252 mV, respectively.
(D±F) Recordings in (D) through (F) were obtained from three separate experiments and show the effect of OXA on fast EPSP (D), slow EPSP
(E), and IPSP (F).
(D) Fast EPSP evoked by fiber tract stimulation was reduced in amplitude 6 min after the start of OXA superfusion. RMP was held at 290 mV.
(E) The amplitude of the slow EPSP was reduced 4 min after OXA superfusion.
(F) Amplitude of the evoked IPSP was reduced 6 min after OXA. RMP for S-type neuron in (D), (E), and (F) was 243, -43, and 247 mV,
respectively. The stimulation artifacts are truncated in (E) and (F).
by the induction of nuclear immunoreactivity to the phos- There were 2.61 6 0.5 pCREB-positive OXA-immunore-
active submucosal neurons/ganglia in fasted animals,pho-Ser-133 form of the Ca21/cAMP response ele-
ment±binding protein (pCREB) in submucosal OXA neu- while preparations obtained from fed animals contained
0.05 6 0.02 pCREB-positive OXA neurons/ganglia (100rons (Kirchgessner and Liu, 1999; Figures 5D and 5E).
ganglia, three preparations, three animals; p , 0.01;
Figure 5F). This is consistent with parallel experiments
in the LH showing that orexins are stimulated by hunger
(Sakurai et al., 1998; Mondal et al., 1999).
Orexin Increases Gut Motility
To determine if orexin plays a role in motility, we exam-
ined the effects of OXA on the reflex-initiated rate of
propulsion of an artificial fecal pellet in the guinea pig
distal colon. As previously observed (Foxx-Orenstein
and Grider, 1996; Wade et al., 1996), the rate of propul-
sion of artificial fecal pellets was constant for segments
obtained from the same colon. Incubation of colonic
segments with tetrodotoxin (0.5 mM, n 5 4) abolished
the reflex, indicating that is was nerve mediated (data
Figure 5. Effects of Fasting on Orexin-Immunoreactive Submucosal not shown). Incubation of the segments for 10 min with
Neurons OXA (0.3±30 nM) caused a concentration-dependent in-
(A±C) Comparison of OXA-like immunoreactivity in submucosal neu- crease of the rate of propulsion (Figure 6). The observa-
rons of fed (A) and fasted (B) guinea pigs. Fasting induces a signifi- tion that OXA increases reflex-driven propulsion further
cant increase in the number of OXA-immunoreactive cell bodies
supports the idea that enteric orexin receptors are func-([C]; Figure 4B, arrowhead). OXA nerve fibers (arrow) surround la-
tional and suggests that orexin plays a role in the peri-beled and unlabeled (asterisk) neurons. Only OXA nerve fibers
(arrow) are found surrounding unlabeled submucosal neurons in fed staltic reflex in the guinea pig colon.
guinea pigs (Figure 4A).
(D±F) Fasting activates submucosal OXA neurons. pCREB-positive
nuclei (red, [E]) are found in the majority of OXA-immunoreactive Orexin- and Orexin Receptor±like Immunoreactivity
(green, [D and E]) submucosal neurons (arrow) in fasted guinea Is Displayed by Endocrine Cells of the Gut
pigs; however, a subset of OXA neurons do not contain pCREB
and Pancreas(arrowhead). Fasting induces a significant increase in the number
In addition to neuronal cell bodies in the ENS, orexin-of pCREB-positive/OXA-immunoreactive cell bodies (blue bars, [F]).
Note that (A), (B), (D), and (E) are confocal images. Scale bar, 30 mm. like immunoreactivity was also found in endocrine cells.
Neuron
946
Figure 6. Effect of Orexin on Motility
OXA dose dependently increases the propulsion of an artificial fecal
pellet in the isolated guinea pig colon. Data are mean 6 SE of five
to ten experiments. Asterisk, significant increase of the velocity of
propulsion.
In the intestine, these cells were identified as entero-
chromaffin cells (Figures 7A±7E), based on the presence
of transmitter- (or hormone-) containing secretory gran-
ules aggregated in the basal portion of the cell (Figure
7A). The tip of the orexin cell projected to the gut lumen
(Figure 7C). Double-labeling with antibodies to 5-HT es-
tablished that a large subset of the orexin-containing
cells contained this amine (Figures 7E and 7F). Entero-
chromaffin cells are chemoreceptive and respond to
luminal stimuli by secreting 5-HT, which in turn stimu-
lates the mucosal processes of primary afferent neurons
(BuÈ lbring and Lin, 1958; Kirchgessner et al., 1992). Vari-
cose orexin nerve fibers were frequently found in prox-
imity to the base of orexin/5-HT cells (Figures 7B and 7F,
inset); therefore, orexin released from enterochromaffin
cells could potentially modulate afferent fiber activity.
Orexin-immunoreactive endocrine cells were also found
in the stomach (Figures 7G and 7H). In the gastric an-
trum, a subset contained gastrin (Figures 7H and 7I), a
hormone that stimulates gastric acid secretion (Walsh,
1994) and is also regulated by fasting (Ichikawa et al.,
1998).
Insulin-immunoreactive endocrine cells in the pan-
creas displayed orexin- and orexin receptor±like immu-
noreactivity (Figures 8A±8O). In addition to orexin-con-
taining islet cells, orexin-like immunoreactivity was
displayed by nerve fibers in pancreatic ganglia (Figure
8I) and in paravascular nerve bundles (Figure 8J). No
Figure 7. Orexin- and Orexin Receptor±like Immunoreactivity in En-orexin-containing pancreatic neurons were found; there-
docrine Cellsfore, the orexin nerve fibers are probably of extrinsic
(A±D) Rat (A), mouse (B), guinea pig (C), and human (D) intestinal(perhaps enteric) origin. As in the ENS, orexin receptors
mucosa. OXA immunoreactivity is localized to granules (arrows) of
in the pancreas were found in proximity to orexin termi- enterochromaffin cells. Orexin axons (arrowheads, [C]) are found in
nals (Figures 8K and 8L). close proximity to orexin-containing cells.
(E and F) OXA-immunoreactive enterochromaffin cells (E) display
5-HT immunoreactivity (F). A double-labeled cell is illustrated in theDiscussion
inset.
(G±I) Guinea pig gastric mucosa. OXA-containing endocrine cells
The present study demonstrates that orexin-immunore- are abundant in the gastric antrum (G). A subset (arrow, [H]) of
active neurons are found outside the CNS. Neurons in OXA-containing endocrine cells display gastrin immunoreactivity
both the myenteric and submucosal plexus, in all spe- (arrow, [I]).
Scale bar, 30 mm.cies examined (rats, mice, guinea pigs, and humans),
displayed orexin-like immunoreactivity. Nevertheless,
orexin marked distinct populations of enteric neurons,
Orexins in the Enteric Nervous System
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Figure 8. Orexin- and Orexin Receptor±like
Immunoreactivity in the Pancreas
(A±D) Rat pancreas. OXA (A) and OXR1 (C)
immunoreactivity is displayed by insulin- (Ins-)
immunoreactive islet cells (arrow, [B and D])
and nerve fibers (arrows, [C]).
(E±H) Guinea pig pancreas. OXA (E and F)
and OXR1 (G) and OXR2 (H) immunoreactivity
is present in guinea pig islet cells. OXA (green)
appears to be costored with insulin (red) in
secretory granules. OXR1 immunoreactivity
(green) is displayed by insulin-immunoreac-
tive islet cells (red, [G]).
(I±L) OXA and OXR1 immunoreactivity is found
in nerve fibers in pancreatic ganglia (g; arrow,
[I, K, and L]) and nerve bundles (J) and is
associated with blood vessels (arrowhead,
[L]).
Note that (A), (B), (F), and (G) are confocal
images. Scale bar, 10 mm (A±H) and 30 mm
(I±L).
which represented only a small subset (z25%) of the and/or, indirectly, through the suppression of the norad-
renergic slow IPSP and disinhibition, orexin is capableneurons that make up the ENS. The presence of orexin
of increasing the excitability of VIP secretomotor neu-in a discrete group of enteric cells suggests that orexin
rons, an effect that would stimulate neurogenic fluidserves a specialized function in the bowel.
secretion.Both immunohistochemical and electrophysiological
A second population of submucosal orexin-immuno-results in the guinea pig small intestine corroborate the
reactive neurons in the guinea pig ileum displayed SPconclusion that VIP-containing submucosal neurons
and choline acetyltransferase (ChAT) immunoreactivi-costore orexin and are sensitive to nanomolar concen-
ties, and a small subset was also calbindin immunoreac-trations of the peptide. Previous studies have shown that
tive. The submucosal SP/ChAT- and SP/ChAT/calbindin-VIP submucosal neurons project diffusely to myenteric
immunoreactive neurons, which also contain glutamateneurons (Song et al., 1998) and provide a dual innerva-
(Liu et al., 1997), are thought to be primary afferenttion to both arterioles and mucosa (Jiang et al., 1993).
neurons that carry information from the intestinal lumenSince orexin and VIP are colocalized, it suggests that at
to submucosal and myenteric ganglia (Kirchgessner etleast some of these structures are innervated by orexin
al., 1992). Although these neurons constitute only a smallneurons. Orexin-immunoreactive nerve fibers are found
subset (z10%) of the neurons in the submucosal plexus,in myenteric ganglia, around blood vessels and in the
they are critical for orchestrating the coordination ofmucosa. Nerve fibers in the mucosa encircled crypts,
motility and secretion (Cooke, 1998) and are essentialwhich contain secretory epithelial cells and whose func-
for the initiation of peristaltic activity (Gershon et al.,tion is to secrete chloride into the intestinal lumen
1994).(Cooke, 1998). Chloride secretion, with accompanying
A large network of orexin-immunoreactive nerve fibersfluid accumulation, is one of the ways the intestine lubri-
was found within the lamina propria of the mucosa.cates itself, ensuring appropriate mixing and flow of
Orexin fibers were highly varicose and extended to thedigesta along its length. Although chloride secretion is
tips of villi; however, no fibers penetrated between epi-predominantly controlled by VIP submucosal neurons
thelial cells or protruded into the lumen. Double-labelthat act directly on the epithelial cells (Sidhu and Cooke,
immunocytochemistry, in conjunction with confocal mi-
1997), the presence of orexin-like immunoreactivity in
croscopy, established that these fibers costore SP and
these cells suggests that the peptide could play a role display calbindin immunoreactivity in the guinea pig il-
in intestinal secretion. eum; therefore, at least a subset is likely to originate
Excitability in VIP secretomotor neurons is modulated from submucosal primary afferent neurons. The mucosa
by fast and slow excitatory input from cholinergic and is also innervated by primary afferent neurons of vagal
peptidergic nerves, respectively, as well as inhibitory and spinal origin, and these afferent nerve fibers also
input from sympathetic fibers (Bornstein and Furness, contain SP (Grundy and Scratcherd, 1989). It is possible,
1988). Intracellular recordings revealed that orexin re- therefore, that a subset of the orexin-containing neurites
duced the amplitudes of fast EPSPs, slow EPSPs, and in the mucosa originates from extrinsic primary afferent
slow IPSPs evoked by stimulation of fiber tracts. The neurons. The presence of orexin-immunoreactive axons
inhibitory effect of orexin is most likely due to the activa- in the nucleus of the solitary tract (de Lecea et al., 1998)
tion of presynaptic orexin receptors. Immunohistochem- and the dorsal horn of the spinal cord (van den Pol,
ical results are consistent with the presence of orexin 1999) supports this idea; however, whether or not orexin
receptor protein on presynaptic axons. Orexin also is present in dorsal root and/or nodose ganglion neurons
evoked spike activity in VIP secretomotor neurons, the merits further investigation. Nevertheless, the findings
soma of which displayed orexin receptor±like immuno- strongly suggest that orexin may be involved in some
reactivity. Concomitantly, orexin inhibited AH following aspects of sensory transduction in the gastrointestinal
mucosa.spikes. Thus, through direct excitation of the neuron
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Orexin-immunoreactive neurons in both the CNS (Hor- The concept that the peptide responsible for activating
vath et al., 1998) and ENS express leptin receptors; feeding also triggers an appropriate preparatory re-
therefore, it is possible that leptin modulates the activity sponse in the gut is attractive.
of these cells. In the CNS, leptin reduces food intake by To investigate the role of orexin receptors in the ENS,
regulating the synthesis and release of hypothalamic we studied the effects of orexin on the peristaltic reflex
neuropeptides, such as neuropeptide Y (NPY), that regu- in isolated segments of guinea pig colon. The peristaltic
late energy homeostasis. Hypothalamic NPY-containing reflex, assessed by measuring the propulsion of solid
neurons become activated during conditions of negative pellets, was enhanced by bath application of orexin.
energy balance, such as starvation and food restriction This suggests that orexin receptors participate in the
(Sahu et al., 1988). Falling leptin levels thus elicit a dis- initiation and/or propagation of the peristaltic reflex;
tinct set of adaptive responses to starvation in order to however, this study cannot precisely locate the site of
conserve energy for survival. We have demonstrated orexin's action. Orexin receptor±like immunoreactivity
that fasting activates orexin-immunoreactive neurons is displayed not only by enteric neurons but also by
in the guinea pig submucosal plexus and appears to nerve fibers in the mucosa and cells in the circular mus-
increase orexin synthesis. Whether activation of these cle layer; therefore, orexin could increase peristalsis by
neurons results in energy conservation and/or contrib- acting on receptors located at nerve synapses within
utes to the initiation of food intake is not known; how- the enteric plexuses, mucosa, and/or muscle layers.
ever, it appears plausible that the excitation of orexin- Orexin-like immunoreactivity was also displayed by
containing submucosal neurons could contribute to the endocrine cells in the pancreas. Double-label immuno-
enhanced fluid secretion observed during starvation cytochemistry revealed that orexin was present in insu-
(Young and Levin, 1990). lin-immunoreactive cells of guinea pigs and rats. As
During starvation, there is also a decrease in sympa- constituents of the b cells, it is conceivable that orexins
thetic nerve activity (Young and Levin, 1990). NPY, one are released upon cell activation, and they may then
of the most potent stimulators of food intake, decreases function as hormones and/or paracrine or autocrine sub-
sympathetic activity in a dose-dependent fashion. On stances. In support of this idea, insulin-immunoreactive
the other hand, leptin decreases food intake and stimu- islet cells displayed orexin receptor±like immunoreactiv-
lates sympathetic activity (Bray and York, 1998). The ity, and orexin receptor mRNA was detected in the rat
coupling of sympathetic activity and food intake raises pancreas. Orexins could potentially modulate the effects
the question of whether orexin also affects sympathetic of insulin on food intake and/or glucose disposal.
activity. Orexin decreased the amplitudes of evoked Orexin-like immunoreactivity was also found in nerve
slow IPSPs in guinea pig submucosal neurons. Since fibers in pancreatic ganglia, and pancreatic neurons dis-
slow IPSPs in the submucosal plexus are mediated, at played orexin receptor±like immunoreactivity. Ganglia
least in part, by norepinephrine acting at an a2 adrenore- are found throughout the pancreas, and pancreatic neu-
ceptor (Hirst and McKirdy, 1975), orexin appears to in- rons contain most of the neuroactive substances found
hibit sympathetic activity in the guinea pig ENS. Based in enteric neurons (Kirchgessner and Pintar, 1991). No
on these data, it appears that sympathetic efferent out- neuronal cell bodies displayed orexin-like immunoreac-
put may tonically inhibit feeding and that to initiate food tivity; therefore, it is likely that the orexin-containing
intake, sympathetic activity must be reduced. It has axons originate from neurons extrinsic to the pancreas.
been shown that activation of enteric b2-adrenergic re- Pancreatic ganglia receive an extensive innervation from
ceptors reduces food intake (Yamashita et al., 1994); neurons located in the stomach and duodenum (Kirch-
therefore, sympathetic stimulation might act in the gut gessner and Gershon, 1990; Kirchgessner et al., 1996).
to produce the same afferent signals that nutrients pro- Enteropancreatic neurons reside in the myenteric plexus,
duce to reduce food intake. Orexin might increase food which also contains orexin-immunoreactive neurons;
intake by inhibiting these signals.
however, it is not known whether enteropancreatic neu-
In addition to neuronal cell bodies in the ENS, orexin-
rons contain orexin.
like immunoreactivity was found in endocrine cells. In
In summary, our findings strongly suggest that orexinthe gastric mucosa, some of these cells costored gas-
and orexin receptors are present in the ENS. The activa-trin, a hormone that evokes gastric acid secretion
tion of orexin-immunoreactive neurons by hunger and(Walsh, 1994). In the intestinal mucosa, orexin-immuno-
the effects of orexin on motility suggest that orexin inreactive endocrine cells were identified as enterochro-
the gut may play an even more intimate role in regulatingmaffin cells, based on their morphology and the pres-
energy homeostasis than it does in the CNS.ence of 5-HT immunoreactivity. Enterochromaffin cells
appear to be sensory transducers that release 5-HT in
Experimental Procedures
response to mucosal stimulation. 5-HT activates both
intrinsic (Kirchgessner et al., 1992, 1996) and extrinsic Tissue
(Hillsley et al., 1998) primary afferent neurons, resulting Tissue was obtained from male guinea pigs, adult female rats
in reflex alteration of gut function. The presence of orexin (Sprague-Dawley), and mice (C57/B16J) as approved by the Animal
Care and Use Committee of the State University of New York Healthin enterochromaffin cells suggests that the peptide
Science Center at Brooklyn and Columbia University. Human ileumcould have a function similar to that of 5-HT or could
was obtained with permission from patients with Crohn's disease.modulate the actions of the amine. The functions of
orexin are not known; however, orexin could ªprimeº RNA Isolation and RT-PCR
the secretory capability of the bowel, increasing the Total RNA (5 mg) from rat longitudinal muscle with adherent myen-
efficiency of the subsequent gastric and intestinal teric plexus (LMMP), pancreas, and hypothalamus (Chemicon, Te-
mecula, CA), prepared using the TRIZOL reagent (Life Technologies,phases of secretion that occur in response to a meal.
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Gaithersburg, MD), was reverse transcribed at 428C (1 hr) with the Preparations were examined by using an LSM 410 laser scanning
confocal microscope (Zeiss, Thornwood, NY), a krypton/argon laseruse of random primers and the avian myeloblastoma virus reverse
transcriptase. This served as a template for PCR using Taq DNA attached to a Zeiss Axiovert 100 TV microscope.
polymerase. PCR was done using the following primers: f59-TTTCGG
GAGCAGTTCAAGGC-39 and r59-TACGAGACAGGGACAGTAACC
Myenteric Neuron CulturesACG-39 (OXR1), f59-CACACACACCGAAGACAGAGAGAC-39 and
Guinea pig myenteric ganglia were isolated (Yau et al., 1989) andr59-TGGACAGGAGTGAAGATGGCAC-39 (OXR2), f59-TCCTTGGGTA
plated in the center of Matrigel- (Becton Dickinson, Bedford, MA)TTTGGACCACTG-39 and r59-GGGATAGAAGACGGGTTCAGA
and laminin- (10 mg/ml, Boehringer Mannheim, Indianapolis, IN)CTC-39 (preproOX), and f59-CATGTTTGAGACCTTCAACACC-39 and
coated glass coverslips (12 mm2) and grown in 5% CO2 with Dulbec-r59-CCAGGAAGGAAGGCTGGAA-39 (control b-actin). After an initial
co's modified Eagle's medium/F12K (GIBCO, Grand Island, NY) sup-denaturation step at 948C for 2 min, the PCR conditions were as
plemented with 10% (v/v) heat-inactivated fetal bovine serumfollows: 948C, 20 s; 588C, 25 s; and 728C, 30 s for 35 cycles, followed
(GIBCO), 10% (v/v) chick embryo extract, penicillin-streptomycinby a final extension step at 728C for 7 min. In controls, reverse
(100 units/ml and 100 mg/ml, GIBCO), gentamicin (50 mg/ml, GIBCO),transcriptase was omitted. The PCR products were resolved in 2%
and cytosine arabinoside (10 mM, Sigma, St. Louis, MO). After 7 toagarose gel with ethidium bromide. In each case, a single PCR
10 days, the cultures were fixed, as described above.product was observed by gel electrophoresis. The PCR products
from LMMP were subcloned into EcoRI-digested pGEM-T vector
(Promega) for sequencing via dye termination cycle sequencing (ABI Effects of Fasting on Orexin-like Immunoreactivity
Pyramid Automated Sequencer, Perkin Elmer). The best match of and pCREB Expression
the sequences was determined using the gapped BLAST and PSI- Guinea pigs (male) were deprived of food for 3 days; water was
BLAST programs. available ad libitum. Animals were killed as described above. The
effects of fasting on CREB phosphorylation (pCREB) in orexin-
immunoreactive submucosal neurons was then analyzed as pre-Immunocytochemistry
viously described (Kirchgessner and Liu, 1999).Whole-mount preparations (stomach, and small and large intestine)
Preparations of gut were incubated in rabbit anti-rat pCREB (di-were generated (Kirchgessner and Gershon, 1988). To locate orexin
luted 1:1000; New England Biolabs, Beverly, MA) overnight at 48C.and orexin receptor proteins in the tissue by immunocytochemistry,
The pCREB antibody is specific for CREB phosphorylated on Ser-preparations were exposed to phosphate-buffered saline containing
133. After washing, preparations were incubated with donkey anti-0.5% Triton X-100 and 4% horse serum for 30 min. Primary antibod-
rabbit secondary antibodies coupled to Cy3 (1:2000, Jackson Immu-ies were against preproOX (rabbit polyclonal, diluted 1:1000) (de
noResearch Labs) for 3 hr. OXA was located simultaneously withLecea et al., 1998; Peyron et al., 1998), OXA (affinity-purified rabbit
pCREB by incubating the tissues with species-specific secondarypolyclonal, diluted 1:2000, Alpha Diagnostic International, San Anto-
antibodies coupled to FITC (diluted 1:200, Jackson ImmunoRe-nio, Texas), OXB (affinity-purified rabbit polyclonal, diluted 1:500,
search Labs).Alpha Diagnostic International) (van den Pol et al., 1998), OXR1
The number of pCREB-positive nuclei in orexin-immunoreactive(affinity-purified rabbit polyclonal, diluted 1:1000, Alpha Diagnostic
neurons was determined using a Zeiss inverted microscope to de-International), and OXR2 (affinity-purified rabbit polyclonal, diluted
tect FITC and Cy3 independently, or together, at 2003 magnifica-1:1000, Alpha Diagnostic International). For orexin antisera, the dis-
tion. Data were analyzed by a Student's t test. Differences weretribution of labeled cells was similar in the hypothalamus and ileum
considered significant when the p value was ,0.05.of guinea pigs and rats. The clearest and most distinctive labeling
of neurites in the bowel was obtained with the OXA antibody. FITC-
labeled secondary immunoglobulin G (IgG) was from Jackson Immu- Colonic Motility Assay
noResearch Labs, West Grove, PA (diluted 1:200). In every experi- Colonic motility was measured according to established methods
ment, parallel control sections were included that were incubated (Foxx-Orenstein and Grider, 1996; Wade et al., 1996). Briefly, seg-
with normal horse serum instead of primary antibodies. No immuno- ments of guinea pig distal colon (z8 cm long) were mounted in
staining was observed when a control IgG was substituted for the Sylgard-coated chambers and incubated with oxygenated Krebs
primary antibody. Specificity of antisera was tested by preabsorp- solution (at 378C). Preparations were allowed to equilibrate and
tion with corresponding antigens for 24 hr. Preadsorption of the empty themselves of fecal pellets for z30 min before the experi-
antisera with the antigen blocked immunostaining. ments were begun. A baseline rate of motility was then determined.
Double-label immunocytochemistry was used to identify the cells To evoke the peristaltic reflex, an artificial fecal pellet made from
that display orexin- and orexin receptor±like immunoreactivity using Sylgard or modeling clay was inserted into the oral end of the iso-
primary antibodies raised in different species in conjunction with lated segments of colon. The rate at which the pellet was transported
species-specific secondary antibodies (goat anti-rat, goat anti- distally was measured by determining the time taken by the pellet
mouse, goat anti-guinea pig; Kirkegaard and Perry, Gaithersburg, to transverse a distance of 5 cm in the middle of the segment. The
MD) or donkey anti-goat or donkey anti-chicken (Jackson Immuno- pellet was allowed to complete its passage down the entire segment.
Research Labs; diluted 1:200) coupled to indocarbocyanine (Cy3, The pellet was then retrieved and reinserted at the oral end of the
1:2000). Primary antibodies were against calbindin (mouse mono- segment of colon. Experiments were started when the rate of propul-
clonal, diluted 1:100, Sigma Chemical, St. Louis, MO) (Kirchgessner sion became almost constant for three consecutive trials after 1 min
and Liu, 1999), CGRP (mouse monoclonal, diluted 1:200, Chemicon intervals. The average rate of propulsion measured for the three
International, Temicula, CA) (Kirchgessner and Liu, 1999), ChAT consecutive trials counted as the control rate. OXA (Peptide Insti-
(goat polyclonal, diluted 1:1000, Chemicon International) (Kirchgessner tute, Osaka, Japan) was added after the control records were ob-
and Liu, 1998), calretinin (goat polyclonal, diluted 1:1000, Chemicon tained. The colon was incubated for 10 min in the presence of
International) (Kirchgessner and Liu, 1999), gastrin (chicken poly- the compound before resuming the measurement of the rate of
clonal, diluted 1:1000, Center for Ulcer Research/Gastroenteric Biol- propulsion of the pellets. The peristaltic reflex was again quantified
ogy Center, Antibody/Radioimmunoassay Core, Los Angeles, CA), by averaging the rate of propulsion for three consecutive trials. The
5-HT (mouse monoclonal, diluted 1:100, Dako, Carpinteria, CA), in- rate of propulsion of the pellet in the presence of OXA was expressed
sulin (guinea pig polyclonal, diluted 1:2000, Chemicon International; as a percentage of the control rate. Each preparation thus served
mouse monoclonal, diluted 1:200, ICN ImmunoBiologicals, Lisle, IL), as its own control. Comparisons between means for different con-
leptin receptor (goat polyclonal, diluted 1:100, Santa Cruz Biotech- centrations of OXA were analyzed by using ANOVA followed by a
nology, Santa Cruz, CA) (Hakansson et al., 1998), SP (rat monoclonal, Scheffe F test (p , 0.001).
diluted 1:1000, Accurate Chemical, Westbury, NY) (Kirchgessner
and Liu, 1999), synaptophysin (mouse monoclonal, diluted 1:2000,
Dako), and VIP (mouse monoclonal, diluted 1:500, Center for Ulcer Intracellular Electrophysiology
A segment of guinea pig ileum was placed in oxygenated (95% O2,Research/Gastroenteric Biology Center, Antibody/Radioimmunoas-
say Core) (Kirchgessner and Liu, 1999). 5% CO2) Krebs solution (in mM): NaCl, 121; KCl, 5.9; CaCl2, 2.5;
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NaHCO3, 14.3; NaH2PO4, 1.3; MgCl2, 1.2; and glucose, 12.7. Nifedi- propulsion by enteric excitatory and inhibitory neurotransmitters.
Am. J. Physiol. 271, G433±G437.pine (1.0 mM) and scopolamine (1.0 mM) blocked muscle contrac-
tions while intracellular recordings were obtained. Preparations Furness, J.B., and Costa, M. (1987). The enteric nervous system
were superfused (3.0 ml/min, 368C) with oxygenated Krebs solution. (New York: Churchill Livingstone).
Intracellular recordings (Liu et al., 1997) were obtained with an Axo- Furness, J.B., Kunze, W.A.A., Bertrand, P.P., Clerc, N., and
clamp 2B amplifier from neurons using glass microelectrodes filled Bornstein, J.C. (1998). Intrinsic primary afferent neurons of the intes-
with 2.0 M KCl (tip resistance, 80±180 MV). Satisfactory impalements tine. Prog. Neurobiol. 54, 1±18.
resulted in a stable RMP of 235 mV or more. The input resistance
Gasic, G. (1995). Systems and molecular genetic approaches con-of the impaled cell was determined by injection of a 0.1±0.9 nA
verge to tackle learning and memory. Neuron 15, 507±512.hyperpolarizing current pulse (40±100 ms duration). Data were re-
Gautvik, K.M., de Lecea L., Gautvik, V.T., Danielson, P.E., Tranquecorded with a PC computer and Axoscope software (Axon Instru-
P., Dopazo, A., Bloom, F.E., and Sutcliffe, J.G. (1996). Overview ofments).
the most prevalent hypothalamus-specific mRNAs, as identified bySynaptic activation of neurons was elicited by direct stimuli ap-
directional tag PCR subtraction. Proc. Natl. Acad. Sci. 93, 8733±plied to nerve trunks attached to a submucosal ganglion with mono-
8738.polar extracellular electrodes made from Teflon-insulated platinum
Gershon, M.D., Kirchgessner, A.L., and Wade, P.R. (1994). Func-wire (25 mm diameter). To evoke a fast EPSP, nerve fibers were
tional anatomy of the enteric nervous system. In Physiology of thestimulated using single stimuli of 0.5 ms duration applied at a rate
Gastrointestinal Tract, Third Edition, L.R. Johnson et al., eds. (Newof 0.2 Hz. When studying fast EPSPs, four individual responses were
York: Raven Press), pp. 381±422.averaged. Data are expressed as mean 6 SEM.
Electrophysiology was done with bath application of OXA. Com- Grundy, D., and Scratcherd, T. (1989). Sensory afferent from the
plete exchange of the solution in the recording chamber took 2 min. gastrointestinal tract. In Handbook of Physiology, Volume 1, S.G.
Comparisons were made using the Student's t test or the nonpara- Schultz et al., eds. (New York: Oxford University Press), pp. 593±620.
metric Kruskal-Wallis test for multiple comparisons. Hakansson, M.-L., Brown, H., Ghilardi, N., Skoda, R.C., and Meister,
B. (1998). Leptin receptor immunoreactivity in chemically defined
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